Introduction {#s001}
============

T[he bacterial microbiota]{.smallcaps} in the lower genital tract of many women is composed predominately of *Lactobacillus.* The most common species of genital lactobacilli are *L. crispatus*, *L. iners*, *L. jensenii*, and *L. gasseri*.^[@B1]--[@B4]^ Bacterial vaginosis (BV), in contrast, is a condition in which lactobacilli are relatively reduced in number and replaced by variable amounts of other genera of bacteria including *Gardnerella*, *Prevotella*, *Atopobium*, *Megasphaera*, *Sneathia*, *Mobiluncus*, *Mycoplasma*, and many others.^[@B1],[@B5],[@B6]^ BV is common in women of reproductive age in the developed world, and it is more prevalent in women that are sexually active. It is striking that BV can be present in up to 55% of reproductive aged women in some parts of Africa.^[@B7]^

The bacteria present in the female lower genital tract influence HIV-1 heterosexual transmission. Studies of virus shedding show that decreased levels of lactobacilli are associated with higher levels of HIV-1 RNA in the genital tract,^[@B2],[@B3]^ and BV is also associated with higher levels of HIV-1 RNA.^[@B2]--[@B4],[@B8]^ Additionally, Cohen et al.^[@B9]^ recently reported that women with BV were three times more likely to transmit HIV-1 to their male partners. Lingappa et al.^[@B10]^ recently found that BV was associated with a higher viral set point in male partners that seroconverted, suggesting the possibility that the size of the initial virus inoculum impacted set point.

Anaerobic bacteria in the female genital tract of women with BV produce fermentation products including succinic acid and short chain fatty acids (SCFAs) such as butyric, acetic, and propionic acids.^[@B11]--[@B15]^ This is in contrast to women with healthy microbiota consisting mostly of lactobacilli, with which SCFAs and succinic acid are low, but lactic acid is increased. Succinic acid concentration can be increased to more than 20 mM in vaginal fluid of women with BV compared to an average of 0.02 mM in women with predominantly *Lactobacillus* species colonizing their genital tract,^[@B12]^ and succinic acid has been shown along with SCFAs to have immunomodulatory effects.^[@B16]--[@B19]^ We recently found that SCFAs induce the production of pro-inflammatory cytokines by monocytes.^[@B20]^

Macrophages are abundant in mucosal sites and play an important role in HIV pathogenesis.^[@B21],[@B22]^ Macrophages are thought to not only be among the first cells infected by HIV^[@B23]^ but also help to transmit virus particles to CD4^+^ T cells.^[@B24],[@B25]^ Macrophages are also thought to harbor virus throughout the course of the infection^[@B26]^ and to maintain a latent reservoir for HIV,^[@B22],[@B27]--[@B30]^ thereby playing a major role in HIV dissemination. Interestingly, macrophages in the female genital tract have been shown to not only be susceptible to HIV infection, but to also express virus at high levels once infected.^[@B31]^ Given the importance of macrophages in HIV-1 transmission, the increased concentrations of bacterial fermentation products in BV, and the increased HIV-1 shedding in the genital fluid of women with BV, we evaluated how SCFAs and succinic acid impacted HIV expression in monocyte-derived macrophages.

Materials and Methods {#s002}
=====================

Virus production {#s003}
----------------

HIV~Bal~ was obtained from the AIDS Reference and Reagent Program (ARRRP, [www.aidsreagent.org](www.aidsreagent.org), donated by Dr. Suzanne Gartner, Dr. Mikulas Popovic, and Dr. Robert Gallo, Division of AIDS, National Institute of Allergy and Infectious Diseases \[NIAID\], National Institutes of Health \[NIH\]) and propagated in phytohemagglutinin (PHA)-stimulated peripheral blood mononuclear cells using standard procedures.

Luciferase-expressing reporter virus stocks were generated by co-transfecting Hek293 T cells using lipofectamine (Life Technologies, Grand Island, NY) with envelope-negative HIV plasmid pNL 4-3 (E2; ARRRP) expressing luciferase together with a plasmid expressing VSV-G.^[@B32]^

Infection of macrophages with HIV~Bal~ {#s004}
--------------------------------------

To measure the effects of SCFAs on p24 levels, we created monocyte-derived macrophages (MDMs) as described previously.^[@B33]^ Briefly, peripheral blood mononuclear cells (PBMCs) were collected from healthy donors by density-gradient centrifugation. Informed consent was obtained from donors, and all studies were approved by the Institutional Review Board of Rush University. Monocytes were isolated by plastic adherence, placed in flasks at 2×10^6^ cells/mL, and left to differentiate for 7 days in complete medium (RPMI-1640, supplemented with 10% heat-inactivated fetal bovine serum, L-glutamine, and 50 μg/mL gentamicin) plus 20% autologous human serum and 100 ng/mL of M-CSF (Life Technologies). M-CSF was replenished on day 3. After 7 days of culture, MDMs were infected with HIV~Bal~ (1.5 ng p24 per culture, which corresponds to ∼1.8×10^7^ HIV particles) for 4 h. Cells were then washed twice with RPMI and cultured for 14 days with 20 mM of acetic or butyric acids. Levels of p24 core antigen were detected by enzyme-linked immunosorbent assay (ELISA; SIAC, Fredrick, MD) 1, 9, 12, and 14 days after infection.

Infection of macrophages with a single-round virus {#s005}
--------------------------------------------------

A modification of the method described by Hanley et al.^[@B34]^ was used to measure the effect of bacterial fermentation products on HIV expression by virus capable of only a single round of infection. Briefly, CD14^+^ monocytes were isolated from the PBMCs of healthy donors using anti-CD14 magnetic beads (Miltenyi Biotec, Auburn, CA). Cells were cultured for 7 days in 48-well plates at 100,000 cells/well in complete medium, plus 10% autologous human serum and 100 ng/mL of either granulocyte-macrophage colony-stimulating factor (GM-CSF) or macrophage colony-stimulating factor (M-CSF; Life Technologies) to generate either M1 or M2-like macrophages, respectively.^[@B35]^ Cells were then infected with a VSV-G-pseudotyped HIV-luciferase reporter virus (13 ng p24 per culture which corresponds to ∼1.6×10^8^ HIV particles) for 4 h at 37°C. Wells were then washed five times with phosphate-buffered saline to remove unbound virus and cells were cultured for another 24 h in complete medium without fetal bovine serum and supplemented with 10% autologous human serum. Macrophages were then treated with 20 mM of succinic, lactic, acetic, or butyric acids (pH=7), or with 100 ng/mL of the TLR2 ligand Pam2CSK4 (Life Technologies) or 10 ng/mL tumor necrosis factor (TNF)α (eBioscience, San Diego, CA) for 42 h. Cells were then lysed with passive lysis buffer (Promega, Madison, WI). Luciferase levels were measured using luciferase substrate (Promega) and a luminometer. SCFAs, succinic acids, and lactic acids were purchased from Sigma (St. Louis, MO).

Cytokine measurement {#s006}
--------------------

Cell free supernatants were taken from HIV-infected macrophages treated for 42 h with either SCFAs, succinic acid, lactic acid, Pam2CSK4, or TNFα as indicated above and interleukin (IL)-8 levels were measured by ELISA (BD Biosciences, San Jose, CA).

Statistical analysis {#s007}
--------------------

Results were analyzed by Kruskal-Wallis test (nonparametric ANOVA), one-way analysis of variance (ANOVA), or two-way ANOVA; *p*-values \<0.05 were considered significant.

Results {#s008}
=======

SCFAs do not increase p24 levels in cultures of HIV~Bal~ -infected macrophages {#s009}
------------------------------------------------------------------------------

SCFAs levels can be as high as 20 mM in BV,^[@B12],[@B15]^ and we previously showed that at 20 mM, both acetic and butyric acids induced production of pro-inflammatory cytokines by peripheral blood monocytes.^[@B20]^ Lower levels of SCFAs did not induce cytokine production. Here, we investigated the hypothesis that 20 mM SCFAs would also induce increased HIV expression in macrophages. We infected M-CSF--differentiated macrophages with HIV~Bal~ and then cultured the cells with 20 mM butyric or acetic acids for 14 days. In the absence of SCFAs, the levels of p24 increased over the first 12 days in HIV~Bal~-infected macrophages ([Fig. 1](#f1){ref-type="fig"}). In some donors, we observed a reduction in p24 levels, though this change was not significant. Unexpectedly, butyric acid--treated macrophages produced lower levels of p24 12 days postinfection compared to untreated macrophages, although this difference was not statistically significant (*p*\>0.05, [Fig. 1](#f1){ref-type="fig"}). Exposing infected macrophages to 20 mM acetic acid did not result in a significant difference in p24 levels in comparison to untreated cells over the 14-day culture period. Addition of SCFAs at 20 mM did not affect cell survival (data not shown).

![Effects of short chain fatty acids (SCFAs) on HIV~Bal~ expression in macrophages. Monocyte-derived macrophages (MDMs) were differentiated in the presence of macrophage colony-stimulating factor (M-CSF; 100 ng/mL), infected with HIV~Bal~ and then cultured with 20 mM acetic or butyric acid for 14 days. Values shown are mean p24 concentrations in culture supernatants from quintuplicate cultures±standard deviation (SD). At each time point there was not a significant difference in p24 between SCFAs and control cultures (Kruskal-Wallis test, *p*-value \>0.05). The experiment shown is representative of three independent experiments using cells from two different donors.](fig-1){#f1}

Bacterial fermentation products affect HIV expression in macrophages in a one-round virus infection system {#s010}
----------------------------------------------------------------------------------------------------------

In the cultures with HIV~Bal~ described above, multiple rounds of infection likely occurred over the 14-day period, and therefore the SCFAs could have affected virus infection, virus expression, or both. Additional experiments were subsequently performed with a pseudotyped luciferase-expressing HIV capable of only one round of infection in order to assess the effects of SCFAs only on the expression of virus. We also wanted to expand on our previous observations by testing the effects of additional fermentation products in the pseudotyped system. Furthermore, we obtained macrophages differentiated in the presence of GM-CSF or M-CSF because they have been reported to have distinct functional phenotypes.^[@B35]^

Similar to what has been reported previously,^[@B34]^ Pam2CSK4 (TLR2 ligand) significantly increased HIV expression as measured by luciferase ([Fig. 2](#f2){ref-type="fig"}). TNFα also increased HIV expression, although this was significant in only the GM-CSF--differentiated cells. Consistent with the lower p24 levels found in experiments using virus capable of multiple rounds of infection, butyric acid decreased HIV expression in both M-CSF-- and GM-CSF--differentiated macrophages infected with the pseudotyped virus ([Fig. 2A, B](#f2){ref-type="fig"}).

![Succinic acid up-regulates HIV expression. MDMs differentiated with **(A)** granulocyte-macrophage colony-stimulating factor (GM-CSF) or **(B)** M-CSF were infected with a luciferase-expressing HIV and 24 h later incubated with either 20 mM of SCFAs or succinic acid, 100 ng/mL of the TLR2 ligand Pam2CSK4, or 10 ng/mL TNFα for 48 h. Cell extracts were assayed for luciferase activity. Mean fold changes compared to untreated cells±SD from all three donors are shown. RLUs, relative light units. \*\**p*-values\<0.001 and \**p*-values \<0.01 were determined by Tukey-Kramer posttest following two-way analysis of variance, comparing untreated cells to treated cells. The results shown are from three independent experiments from three different donors with the exception of lactic acid, which was tested in two independent experiments using two different donors.](fig-2){#f2}

Of all the bacterial fermentation products tested, only succinic acid at 20 mM significantly increased HIV expression in infected macrophages. The increase was 2-fold in GM-CSF--differentiated macrophages ([Fig. 2A](#f2){ref-type="fig"}) and 1.6-fold in M-CSF--differentiated macrophages ([Fig. 2B](#f2){ref-type="fig"}) averaged across three experiments. In some experiments, 2 mM succinic acid was tested in parallel and also significantly increased HIV expression, while 2 mM butyric acid had no significant effect on HIV expression (data not shown). Acetic, propionic, and lactic acids at 20 mM did not significantly affect HIV expression in infected macrophages ([Fig. 2](#f2){ref-type="fig"}).

Succinic acid induces IL-8 production {#s011}
-------------------------------------

BV and other vaginal infections create an inflammatory milieu that potentially increases HIV-1 expression and facilitates HIV-1 infection.^[@B2]--[@B4],[@B9],[@B36]--[@B40]^ IL-8 is a pro-inflammatory cytokine that is reported to be increased in some studies of BV, recruits neutrophils and macrophages, and enhances HIV-1 replication in macrophages, T cells, and cervical explant tissue.^[@B41],[@B42]^ To assess how the bacterial fermentation products tested above impacted IL-8 production by infected macrophages, we measured IL-8 in the supernatants of the SCFA-treated HIV pseudotyped-infected macrophages. In GM-CSF--differentiated macrophages, succinic acid increased IL-8 production by virus-infected cells 3.5-fold compared to controls ([Fig. 3A](#f3){ref-type="fig"}). The ability of succinic acid to induce IL-8 production was even more robust in M-CSF--differentiated macrophages in which IL-8 levels were 7.8-fold higher relative to untreated cells ([Fig. 3B](#f3){ref-type="fig"}). TNFα and Pam2CSK4 also up-regulated IL-8 production. In contrast, none of the SCFAs or lactic acid significantly increased IL-8 production by infected macrophages ([Fig. 3](#f3){ref-type="fig"}).

![Succinic acid induces interleukin (IL)-8 production in HIV-infected macrophages. MDMs derived in the presence of **(A)** GM-CSF or **(B)** M-CSF were infected with a luciferase-expressing HIV and treated as in [Fig. 2](#f2){ref-type="fig"}. IL-8 levels in the supernatant were measured by ELISA. \*\**p*-values \<0.001 were determined by two-way analysis of variance (ANOVA) comparing untreated cells to treated cells. The results shown are means of two independent experiments using two different donors.](fig-3){#f3}

Discussion {#s012}
==========

BV is the primary reason for women presenting to STD clinics in the United States. It is estimated to be present in 29% of U.S. women between the ages of 14 and 49 years, and the incidence is even higher in women in sub-Saharan Africa.^[@B43],[@B44]^ It has been well established that BV, as well as other genital tract infections such as *Trichomonas vaginalis*, increase susceptibility to HIV-1 infection and increase the risk of transmitting the virus.^[@B3],[@B9],[@B36],[@B39]^ SCFAs including butyric, acetic, and propionic acids are produced in higher concentrations in the female genital tract of women with BV. SCFAs have been studied extensively in the gut and have been shown to impact the immune system in a variety of ways, although their effects in the female genital tract are unclear. SCFAs have been shown by our group to increase the production of pro-inflammatory cytokines by monocytes.^[@B15],[@B20]^ Moreover, some SCFAs have been shown to increase latent HIV expression by inhibiting histone deactylase activity.^[@B45]^ Therefore, we hypothesized that SCFAs could induce HIV expression *in vitro* and potentially contribute to the higher HIV-1 shedding seen in women with BV. We found, however, that butyric acid did not increase p24 levels in macrophages infected with HIV~Bal~ and significantly reduced luciferase expression by macrophages infected with an HIV-reporter virus *in vitro*, while acetic acid had no significant effect ([Fig. 1](#f1){ref-type="fig"}). Butyric acid has anti-inflammatory properties in certain settings,^[@B16],[@B19]^ and we found that neither acetic nor butyric acids resulted in an increase in IL-8 production by HIV-infected macrophages ([Fig. 3](#f3){ref-type="fig"}). The inability of these SCFAs to increase HIV expression in macrophages may be mechanistically related to their lack of induction of pro-inflammatory cytokine production by these cells, although this needs further study.

We also studied the effects of succinic acid on HIV expression. Succinic acid, found at high concentrations in BV, is similar in structure to SCFAs and has also been shown to have immunomodulatory effects.^[@B12],[@B18],[@B46]^ Our results show that succinic acid significantly increased HIV-1 expression in macrophages differentiated with either GM-CSF or M-CSF. Succinic acid is produced in variable amounts by different bacteria that are increased in BV. Al-Mushrif et al.^[@B12]^ found that *Prevotella* and *Mobiluncus* produce on average twice as muchsuccinic acid as *Gardnerella vaginalis*. Since the specific composition of bacterial species in BV varies widely among individuals,^[@B1],[@B5],[@B6],[@B11]^ this could explain the varying levels of succinic acid present in women with BV.^[@B12]^ Further study is needed to determine if women with BV who have the highest levels of succinic acid also have higher levels of HIV-1 shedding.

We studied the effects of these bacterial fermentation products on HIV-1 expression in macrophages because macrophages are found in abundance in mucosal sites, including the vagina and ectocervix, and are thought to remain infected throughout the course of HIV-1 infection.^[@B47]^ Understanding factors that influence HIV-1 expression in macrophages is therefore pivotal in determining viral pathogenesis. It has been demonstrated that vaginal macrophages express monocyte-like cell surface markers and, unlike intestinal macrophages, are permissive to HIV-1 entry.^[@B31]^

Macrophages can also behave differently depending on their exposure to either GM-CSF or M-CSF during their development.^[@B35],[@B48]^ It has been proposed that macrophages can develop into pro-inflammatory M1 macrophages or anti-inflammatory M2 macrophages depending on their exposure to GM-CSF or M-CSF, respectively.^[@B35],[@B48]^ Other researchers have noted differences between M1- and M2-like macrophages in the way they interact with HIV. For example, it has been shown that HIV-1 infection of macrophages induces their differentiation into a pro-inflammatory (M1-like) phenotype.^[@B49],[@B50]^ Also, a recent study showed that HIV-1 proteins (Tat, gp120, and especially Nef ) preferentially activated M2-like macrophages but then drove the cell toward a more pro-inflammatory (M1-like) phenotype.^[@B51]^ We found that macrophages differentiated in the presence of GM-CSF expressed substantially more luciferase than those differentiated in the presence of M-CSF, although there was some variability across donors (data not shown). This suggests that HIV-1 might take advantage of the specific cellular environment created when macrophages are differentiated in the presence of GM-CSF. More studies are needed to determine why GM-CSF differentiated macrophages express more virus when they are exposed to succinic acid.

Finally, we found that succinic acid---but not acetic, butyric, or propionic acids---increased the production of IL-8 by HIV-infected macrophages. Pro-inflammatory cytokines such as IL-8 are increased in the vaginal fluids of women with BV, especially in those co-infected with *Trichomonas vaginalis*.^[@B37],[@B52]^ These inflammatory mediators have been suggested to play a variety of roles that make the genital tract more susceptible to HIV-1 infection. It has been postulated that they could be involved in recruiting CD4^+^ cells, suppressing innate antimicrobial responses, or disrupting the epithelial barrier.^[@B40]^ Additionally, these cytokines can activate the long-terminal repeat promoter region of HIV-1 through activation of the nuclear factor (NF)-κB pathway.^[@B53]^

Because of the importance of IL-8 in HIV infection, the production of IL-8 by succinic acid represents one way by which this microbial fermentation product may impact HIV dissemination. It will be important to assess the impact of these fermentation products on other pro-inflammatory cytokines such as interferon γ. Clearly, the effects of SCFAs on NF-κB, cytokine production, and HIV expression need to be more carefully examined.

The increase of viral gene expression and IL-8 production induced by succinic acid could be a contributing factor to the increased HIV-1 shedding observed in HIV-infected women with BV, thereby enhancing female-to-male transmission. Our findings suggest one possible mechanism by which the microbiota of the female genital tract may impact HIV dissemination.
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